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elements in the chain. Dynamic voltage-frequency scaling
(DVEFS) control circuitry may provide an adjustable power
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tradeoft.

20 Claims, 15 Drawing Sheets

/100

107
102 16 106 106 106 104
A B @ A B A B A B A B—Eé

A Ay Pan AN

110-0 110-1 140-2 110-3 110-4

(RO) (R1) (R2) (R3) (R4)



U.S. Patent Jun. 23,2015 Sheet 1 of 15 US 9,065,440 B2

T 14

I /' 18 I I /,- 18
PROGRAMMABLE PROGRAMMABLE
LOGIC H LOGIC

S "TE;:!"]"‘I 0\\{9 a0

14 | e

) 22 20 1? ] i

} 1L 10

) PROGRAMMABLE PROGRAMMABLE
(Y roeic LOGIC

O e

“3F 1T %9F tw

14—

e} 2

FIG. 1



U.S. Patent Jun. 23,2015 Sheet 2 of 15 US 9,065,440 B2
/»-580
LOGIC DESIGN
SYSTEM
5g0._—| CONFIGURATION
DATA
k-2
CONFIGURATION DATA
LOADING EQUIPMENT [ 540
CONFIGURATION
B0 ]
DATA 360 280
4 4
I
| 10
420
CONFIGURATION [ . PRGGFg‘ggAELE
DEVICE CONFIGURATION DEVICE
DATA
\~405
39(3/‘” iC ‘\— T 350
BOARD 370
/500
f44(} //’450 f480
OTHER
PROCESSING | | romace || systew
COMPONENTS

FIG. 2



U.S. Patent Jun. 23,2015 Sheet 3 of 15 US 9,065,440 B2

[566

CIRCUIT DESIGN SYSTEM

{E.G., ONE OR MORE NETWORKED
COMPUTERS WITH PROCESSORS, MEMORY,
MASS STORAGE, ETC)

CAD TOOL(S)  [~~—520

DATABASE(S)  [™-830

FIG. 3



U.S. Patent Jun. 23,2015 Sheet 4 of 15 US 9,065,440 B2

/“ 520

DESIGN AND CONSTRAINT ENTRY TOOLS

COMPUTER-AIDED DESIGN TOOLS

S~ 584

DESIGN ENTRY DESIGN

668 —+T)
AID EDITOR |

- 568

REHAVIORAL SIMULATION TOOLS || 672

LOGIC SYNTHESIS AND

OPTIMIZATION TOQLS T 874
PLACEMENT AND
‘.—-*\M
ROUTING TOOLS 676
ANALY SIS TOOLS — _g78

FIG. 4



U.S. Patent Jun. 23, 2015 Sheet 5 of 15

INITIAL NETLIST

80

A 3
SYNTHESIS ~— g2

w

POST SYNTHESIS
NETLIST ;\*84
88

;-" %

;UNSPEURT PLACE ANDE ROQUTE AND
- e > OPTIMIZATION [ ™S-86
:

! v
, POST PLACE AND o
i ROUTE NETLIST 90
P y,
93
i
! ¥
i
i
! TIMING ANALYSIS I~ g4
i :
———————— T ¥
ASSEMBLY
PROCESS [ T~-02

04 CONFIGURATION

DATAFILE

US 9,065,440 B2

' (E.G., .PDF, .SOF, ETC)

FIG. 5



US 9,065,440 B2

Sheet 6 of 15

Jun. 23, 2015

U.S. Patent

(tred)
0Ll

A

g v

442"

904

og\x

(gx)
£-0LL

S

d Vv

Q0L

9 9ld

(2u)
Z2-011

7

g VY

a0L

(1) (o)
L-01L 0-041

0%



U.S. Patent Jun. 23,2015 Sheet 7 of 15 US 9,065,440 B2

112 g

™

o O Q 1

114~

Fay
Clk Ctr

/ Vee

120~_] DYNAMIC VOLTAGE-FREQUENCY
SCALING CONTROL CIRCUITRY

FIG. 7

Cp

Ctr

120~_| DYNAMIC VOLTAGE-FREQUENCY
SCALING CONTROL CIRCUITRY

FIG. 8



U.S. Patent Jun. 23,2015 Sheet 8 of 15 US 9,065,440 B2

o
£
e

yd?Z b

106 Rr3 106 R4

NN

75

rp 106 R4 108

le ]
I‘ ’I

Tmax = 4ns

FIG. 9A

140

N
N\

ns P

RO R1 R2 R3 R4

Voo = 0.8V f

RO R1 R2 R3 R4

4ns
[

Tmax = 4ns

FIG. 9C



U.S. Patent Jun. 23,2015 Sheet 9 of 15 US 9,065,440 B2

102 104
L e
ins /% @ % ins vé
V7
RO R1 R2 R3 R4
l 2
" Tmax = 3ns k
FIG. 10
106
% ¥
\ N7
Da— ins > @ v 1ns 3ns -
V7
RO R1 R2 R3 R4
- e
Tmax = 3ns Tmax = 3ns

FIG. 11



US 9,065,440 B2

— Clk

U.S. Patent Jun. 23, 2015 Sheet 10 of 15
/ 150
1/52 ?4 1568 158 1/60 162
RefClk - || PHASE _|CHARGEL] LOOP ||
N DETECT PUMP FILTER Veo fc
triN ty
Ctr »../’”164 CtrC
M
CtM
FIG. 12
/’ 170
172
Clkg
Clk1
X Cik
CIKN
ClkSel

FIG. 13



U.S. Patent Jun. 23,2015 Sheet 11 of 15 US 9,065,440 B2

/’TSQ

Vin
1 184 Vin
Vref 186
VOLTAGE + I:f" ke
Ctr\/—b REG _
/ > Voo
182
FIG. 14
182
Vel / ' A
194
Veod f
f,“! 80 (,1 gn ~ 181
VeoSel— 1/ )0 1 N\ 0 1
-
190 ”
§
106 106 106



U.S. Patent Jun. 23,2015 Sheet 12 of 15 US 9,065,440 B2

/ 200

Vee = 0.8V
In@2 B QJ\”/S é D Outd
RO 106-1 R1 108-1 R2
/202
Voo = 0.8V
int & %\9 /2\;% X Outt
RO 108-2 = 106-2 R2



U.S. Patent Jun. 23,2015 Sheet 13 of 15 US 9,065,440 B2

v
210

FIG. 17



U.S. Patent

Jun. 23, 2015

Sheet 14 of 15

226

ACCUMULATOR LOOP

US 9,065,440 B2

/ 220

234
L ,
-------------- AL
2&8 230 110
FIG. 18

226

00010213...
ACCUMULATOR LOOP
222 224
0011...—0 [ 0001...
01011111... T
A A/
1111... 1 -
Jo 0123
0101... 0101...
FIG. 19
2;30
232 234
SEQUENTIAL
To_in CIRCUIT WITH 1% out
T1 i INTERNAL STATE(S) T1 out
T2 in AND FEEDBACK T2 out
T3 in LOOPS T3 out
01230123... 01230123...

FiG. 20



U.S. Patent Jun. 23,2015 Sheet 15 of 15 US 9,065,440 B2

250

SELECT FREQUENCY OF OPERATION
{(E.G., ADJUST CLOCK SOURCE TO QUTPUT CLOCK
SIGNAL HAVING SELECTED FREQUENCY)

Y

252

Y

ADJUST SUPPLY VOLTAGE Vec TO OPTIMIZE
PERFORMANCE OR POWER SAVINGS
(E.G.. ADJUST VOLTAGE SOURCE TO QUTPUT
APPROPRIATE Voo LEVELS)

A

| _—~258 254

Y

SELECTIVELY ENABLE DATA PATH REGISTERS
TO INCREASE THROUGHPUT WHILE ENSURING
LATENCY REQUIREMENTS ARE SATISFIED
(E.G., OPTIONALLY BYPASS SOME DATA PATH
REGISTERS)

280

DYNAMICALLY ADJUST DYNAMICALLY ADJUST
OPERATING FREQUENCY SUPPLY VOLTAGE

DYNAMICALLY ENABLE/DISABLE
DATA PATH REGISTERS TO SATISFY
PERFORMANCE CRITERIA

FIG. 21



US 9,065,440 B2

1
BYPASSABLE CLOCKED STORAGE
CIRCUITRY FOR DYNAMIC
VOLTAGE-FREQUENCY SCALING

BACKGROUND

There is an increasing demand for digital integrated cir-
cuits to operate at higher speeds while minimizing power
consumption. To achieve the desired balance between power
consumption and performance across a wide variety of appli-
cations and operation conditions, digital integrated circuits
are sometimes provided with dynamic voltage-frequency
scaling (DVFS) capabilities.

In a conventional dynamic voltage-frequency scaling
scheme, an integrated circuit is able to operate at different
voltage-frequency points. When higher performance is
needed, the voltage can be increased to reduce gate delays and
to allow for an increase in clocking frequency. When low
power consumption is desired, the clocking frequency is
decreased to allow for a reduction in voltage. The integrated
circuit may be placed in these different voltage-frequency
states depending on changes in current incoming workload or
operation conditions.

Conventional DVFS schemes allow integrated circuits to
operate at discrete voltage-frequency points or over a con-
tinuous voltage-frequency range. The relationship between
the voltage and frequency is, however, fixed at design time
and is determined by the particular circuit structure. For
example, consider a scenario in which an integrated circuit
includes combinational logic that is interposed between two
flip-flop circuits, where the combinational logic exhibits a
propagation delay of four nanoseconds when the combina-
tional logic is powered using a supply voltage of 1.0 V. In this
example, the maximum operating frequency at which the
flip-flop circuits could be operated is limited to 250 MHz. In
other words, the maximum operating frequency at a given
voltage is determined entirely by the circuit structure of the
combinational logic and, more particularly, by the delay asso-
ciated with the combinational logic, neither of which can be
adjusted after fabrication.

SUMMARY

This relates generally to integrated circuits and, more par-
ticularly, to integrated circuits with dynamic voltage-fre-
quency scaling capabilities. An integrated circuit (e.g., a pro-
grammable integrated circuit that is provided with
configuration data) may be provided with logic circuitry
interposed in a data path. The logic circuitry may include
sequential logic circuits such as bypassable clocked storage
elements (sometimes referred to as bypassable registers) and
combinational logic circuits such as logic delay elements
(e.g., logic gates, programmable interconnects, etc.). Logic
delay elements may be coupled between each adjacent pair of
bypassable registers in the data path.

The integrated circuit may be operated in various voltage-
frequency states. In a first state, control circuitry may be used
to provide a first power supply voltage to the logic circuitry
while the logic circuitry is operating at a given frequency. In
a second state, the control circuitry may be used to provide a
second power supply voltage to the logic circuitry while the
logic circuitry is operating at the given frequency. A first
number of the bypassable registers may be switched into use
during the first state, whereas a second number of bypassable
registers may be switched into use during the second state.

In other words, voltage scaling may be performed at a fixed
operating frequency by selectively enabling an appropriate
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number of the bypassable registers in the data path. The
control circuitry may dynamically switch from the first state
to the second state without reconfiguring the integrated cir-
cuit with a new set of configuration data, and vice versa. In
general, the control circuitry may be used to implement
dynamic voltage-frequency scaling capabilities by providing
anadjustable power supply voltage to the combinational logic
circuits and an adjustable-frequency clock signal to the
sequential logic circuits.

If desired, the integrated circuit may support multithread-
ing operations to handle logic circuitry with feedback loops.
In particular, the logic circuitry having feedback loops may
also be provided with bypassable registers. Different num-
bers of bypassable registers may be enabled during different
multithreading modes to handle input signals from a corre-
sponding number of threads. In general, switching into use
more bypassable registers can serve to enable lower voltage
operation at the cost of latency (e.g., voltage scaling may be
performed at a fixed frequency for feedback circuits via mul-
tithreading techniques).

Further features of the present invention, its nature and
various advantages will be more apparent from the accompa-
nying drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of an illustrative programmable inte-
grated circuit in accordance with an embodiment of the
present invention.

FIG. 2 isa diagram of an illustrative system environment in
which a programmable integrated circuit may be configured
using a logic design system in accordance with an embodi-
ment of the present invention.

FIG. 3 is a diagram of a logic design system for generating
configuration data for implementing custom circuit designs in
programmable integrated circuits in accordance with an
embodiment of the present invention.

FIG. 4 is a diagram of illustrative computer-aided design
(CAD) tools that may be used in a logic design system in
accordance with an embodiment of the present invention.

FIG. 5 is a flow chart of illustrative steps for designing a
custom logic circuit and performing timing analysis in accor-
dance with an embodiment of the present invention.

FIG. 6 is a diagram of an illustrative chain of bypassable
clocked storage elements and combinational logic delay ele-
ments in accordance with an embodiment of the present
invention.

FIGS. 7 and 8 are circuit diagrams of illustrative bypass-
able clocked storage elements in accordance with an embodi-
ment of the present invention.

FIGS. 9A, 9B, and 9C are diagrams showing the chain of
bypassable clocked storage elements and combinational
delay elements of FIG. 6 configured to operate in different
voltage-frequency states in accordance with an embodiment
of the present invention.

FIG. 10 is a diagram showing a suboptimal voltage-fre-
quency scaling configuration in accordance with an embodi-
ment of the present invention.

FIG. 11 is a diagram showing an optimal voltage-fre-
quency scaling configuration in accordance with an embodi-
ment of the present invention.

FIG. 12 is a diagram of an illustrative phase-locked-loop
(PLL) with programmable dividers in accordance with an
embodiment of the present invention.

FIG. 13 is adiagram of an illustrative clock signal selection
circuit in accordance with an embodiment of the present
invention.
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FIG. 14 is a diagram of an illustrative programmable volt-
age regulator in accordance with an embodiment of the
present invention.

FIG. 15 is adiagram of an illustrative supply voltage selec-
tion circuit in accordance with an embodiment of the present
invention.

FIG. 16 is a diagram showing two illustrative data paths
with balanced latencies in accordance with an embodiment of
the present invention.

FIG. 17 is a diagram of an illustrative loop circuit with a
bypassable clocked storage element coupled to a feed-for-
ward path in accordance with an embodiment of the present
invention.

FIG. 18 is a diagram of an illustrative accumulator loop
operating in single-thread mode in accordance with an
embodiment of the present invention.

FIG. 19 is a diagram of an illustrative accumulator loop
operating in dual-thread mode in accordance with an embodi-
ment of the present invention.

FIG. 20 is a diagram of an illustrative loop circuit operable
to operate in a multithread configuration in accordance with
an embodiment of the present invention.

FIG. 21 is a flow chart of illustrative steps for performing
dynamic voltage-frequency scaling operations in accordance
with an embodiment of the present invention.

DETAILED DESCRIPTION

Embodiments of the present invention relate to integrated
circuits with logic circuitry. The integrated circuits may be
any suitable type of integrated circuit, such as microproces-
sors, application-specific integrated circuits, digital signal
processors, memory circuits, or other integrated circuits. If
desired, the integrated circuits may be programmable inte-
grated circuits that contain programmable logic circuitry. The
present invention will generally be described in the context of
integrated circuits such as programmable logic device (PLD)
integrated circuits as an example.

FIG. 1 is a diagram of an illustrative integrated circuit such
as a programmable integrated circuit 10. Programmable
device 10 may include input-output circuitry 12 for driving
signals off of device 10 and for receiving signals from other
devices via input-output pins 14. Interconnection resources
16 such as global and local vertical and horizontal conductive
lines and buses may be used to route signals on device 10.
Interconnection resources 16 include conductive lines and
programmable connections between respective conductive
lines and are therefore sometimes referred to as program-
mable interconnects 16.

Programmable device 10 may include programmable logic
18 that can be configured to perform a custom logic function.
Programmable logic 18 may include combinational and
sequential logic circuitry. The programmable interconnects
16 may be considered to be a type of programmable logic 18.

Device 10 may also contain programmable memory ele-
ments 20. Memory elements 20 can be loaded with configu-
ration data (also called programming data) using pins 14 and
input-output circuitry 12. Once loaded, the memory elements
may each provide a corresponding static control signal that
controls the operation of an associated logic component in
programmable logic 18. In a typical scenario, the outputs of
the loaded memory elements 20 are applied to the gates of
metal-oxide-semiconductor transistors in programmable
logic 18 to turn certain transistors on or off and thereby
configure the logic in programmable logic 18 and routing
paths. Programmable logic circuit elements that may be con-
trolled in this way include pass transistors, parts of multiplex-
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4

ers (e.g., multiplexers used for forming routing paths in pro-
grammable interconnects 16), look-up tables, logic arrays,
various logic gates, etc.

Memory elements 20 may be implemented using any suit-
able volatile and/or non-volatile memory structures such as
random-access-memory (RAM) cells, fuses, antifuses, pro-
grammable read-only-memory memory cells, mask-pro-
grammed and laser-programmed structures, combinations of
these structures, etc. Because memory elements 20 are loaded
with configuration data during programming, memory ele-
ments 20 are sometimes referred to as configuration memory,
configuration RAM (CRAM), or programmable memory ele-
ments.

The circuitry of device 10 may be organized using any
suitable architecture. As an example, the logic of device 10
may be organized in a series of rows and columns of larger
programmable logic regions each of which contains multiple
smaller logic regions. The smaller regions may be, for
example, regions of logic that are sometimes referred to as
logic elements (LEs), each containing a look-up table (LUT),
one or more registers, and programmable multiplexer cir-
cuitry. The smaller regions may also be, for example, regions
oflogic that are sometimes referred to as adaptive logic mod-
ules (ALMs). Each adaptive logic module may include a pair
of'adders, a pair of associated registers and a look-up table or
other block of shared combinational logic (as an example).
The larger regions may be, for example, logic array blocks
(LABs) containing multiple logic elements or multiple
ALMs. In the example of FIG. 1, illustrative logic regions 22
(which may be, for example, LEs or AL.Ms) are shown in one
of the larger regions of programmable logic 18 in FIG. 1
(which may be, for example, a logic array block). In a typical
programmable logic device 10, there may be hundreds or
thousands of smaller logic regions 22. The logic regions 22
that are shown in FIG. 1 are merely illustrative.

During device programming, configuration data is loaded
into device 10 that configures the programmable logic regions
22 and programmable logic regions 18 so that their logic
resources perform desired logic functions on their inputs and
produce desired output signals. For example, CRAM cells are
loaded with appropriate configuration data bits to configure
adders and other circuits on device 10 to implement desired
custom logic designs.

The resources of device 10 such as programmable logic 18
may be interconnected by programmable interconnects 16.
Interconnects 16 generally include vertical and horizontal
conductors. These conductors may include global conductive
lines that span substantially all of device 10, fractional lines
such as half-lines or quarter lines that span part of device 10,
staggered lines of a particular length (e.g., sufficient to inter-
connect several logic array blocks or other such logic areas),
smaller local lines, or any other suitable interconnection
resource arrangement. If desired, the logic of device 10 may
be arranged in more levels or layers in which multiple large
regions are interconnected to form still larger portions of
logic. Still other device arrangements may use logic that is not
arranged in rows and columns.

In addition to the relatively large blocks of programmable
logic that are shown in FIG. 1, the device 10 generally also
includes some programmable logic associated with the pro-
grammable interconnects, memory, and input-output cir-
cuitry on device 10. For example, input-output circuitry 12
may contain programmable input and output buffers. Inter-
connects 16 may be programmed to route signals to a desired
destination.

An illustrative system environment for designing and con-
figuring a programmable integrated circuit 10 is shown in
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FIG. 2. Device 10 may be mounted on a board 360 in a system
380. Device 10 may receive configuration data from program-
ming equipment or from any other suitable equipment or
device.

In the example of FIG. 2, device 10 is a type of program-
mable integrated circuit that receives configuration data from
anassociated integrated circuit 400. With this type of arrange-
ment, circuit 400 may, if desired, be mounted on the same
board 360 as device 10. Circuit 400 may be a programmable
logic device configuration data loading chip that loads con-
figuration data into programmable logic device memory from
an external electrically erasable-programmable read-only
memory (EEPROM) chip, a programmable logic device con-
figuration data loading chip with built-in memory (sometimes
referred to as a configuration device), or any other suitable
device. When system 380 boots up (or at another suitable
time), the configuration data may be supplied to device 10
from device 400, as shown schematically by path 420. The
configuration data that is supplied to device 10 may be stored
in its programmable elements 20 (e.g., configuration random-
access-memory elements).

System 380 may include processing circuits 440, storage
460, and other system components 480 that communicate
with device 10. The components of system 380 may be
located on one or more boards such as board 360 or other
suitable mounting structures or housings.

Communication paths may be used to interconnect device
10 to other components. For example, communication path
370 may be used to convey data between an integrated circuit
390 that is mounted on board 360 and device 10. Communi-
cation paths 350 and 500 can be used to convey signals
between device 10 and components 440, 460, and 480.

Configuration device 400 may be supplied with the con-
figuration data for device 10 over a path such as path 520.
Configuration device 400 may, for example, receive the con-
figuration data from configuration data loading equipment
540 or other suitable equipment that stores the configuration
data in configuration device 400. Device 400 may be loaded
with data before or after installation on board 360.

It can be a significant undertaking to design and implement
a desired logic circuit in a programmable logic device. Logic
designers therefore generally use logic design systems based
on computer-aided-design (CAD) tools to assist them in
designing circuits. A logic design system (sometimes referred
to as a circuit design system) can help a logic designer design
and test complex circuits for a system. When a design is
complete, the logic design system may be used to generate
configuration data for electrically programming the appropri-
ate programmable logic device. The logic design system may
be implemented on computing equipment.

As shown in FIG. 2, the configuration data produced by a
logic design system 560 may be provided to equipment 540
over a path such as path 580. Equipment 540 provides the
configuration data to device 400 so that device 400 can later
provide this configuration data to device 10 over path 420.
System 560 may be based on one or more computers and one
ormore software programs. In general, software and data may
be stored on any computer-readable medium (storage) in
system 560 and is shown schematically as storage 600.

In a typical scenario, logic design system 560 is used by a
logic designer to create a custom circuit design. The system
560 produces corresponding configuration data which is pro-
vided to configuration device 400. Upon power-up, configu-
ration device 400 and data loading circuitry on device 10 is
used to load the configuration data into the programmable
memory elements 20 of device 10. Device 10 may then be
used in normal operation of system 380.
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An illustrative logic design system 560 in accordance with
the present invention is shown in FIG. 3. System 560 may be
based on one or more processors such as personal computers,
workstations, etc. The processor(s) may be linked using a
network (e.g., alocal or wide area network). Memory in these
computers or external memory and storage devices such as
internal and/or external hard disks may be used to store
instructions and data.

Software-based components such as computer-aided
design tools 620 and databases 630 reside on system 560.
During operation, executable software such as the software of
computer aided design tools 620 runs on the processor(s) of
system 560. Databases 630 are used to store data for the
operation of system 560. In general, software and data may be
stored on any computer-readable medium (storage) in system
560. Such storage, which is shown schematically as storage
600 of FIG. 2, may include computer memory chips, remov-
able and fixed media such as hard disk drives, flash memory,
compact discs (CDs), DVDs, other optical media, and floppy
diskettes, tapes, or any other suitable memory or storage
device(s). When the software of system 560 is installed, the
storage 600 of system 560 has instructions and data that cause
the computing equipment in system 560 to execute various
methods (processes). When performing these processes, the
computing equipment is configured to implement the func-
tions of the logic design system.

The computer aided design (CAD) tools 620, some orall of
which are sometimes referred to collectively as a CAD tool,
may be provided by a single vendor or multiple vendors.
Tools 620 may be provided as one or more suites of tools (e.g.,
a compiler suite for performing tasks associated with imple-
menting a circuit design in a programmable logic device)
and/or as one or more separate software components (tools).
Database(s) 630 may include one or more databases that are
accessed only by a particular tool or tools and may include
one or more shared databases. Shared databases may be
accessed by multiple tools. For example, a first tool may store
data for a second tool in a shared database. The second tool
can access the shared database to retrieve the data stored by
the first tool. This allows one tool to pass information to
another tool. Tools may also pass information between each
other without storing information in a shared database if
desired.

Tustrative computer aided design tools 620 that may be
used in a logic design system such as system 560 of FIGS. 2
and 3 are shown in FIG. 4.

The design process typically starts with the formulation of
logic circuit functional specifications (e.g., a functional
description of the logic circuit). A logic designer can specify
how a desired circuit should function using design and con-
straint entry tools 664. Design and constraint entry tools 664
may include tools such as design and constraint entry aid 666
and design editor 668. Design and constraint entry aids such
as aid 666 may be used to help a logic designer locate a
desired design from a library of existing logic designs and
may provide computer-aided assistance to the logic designer
for entering (specifying) the desired design.

As an example, design and constraint entry aid 666 may be
used to present screens of options for a user. The user may
click on on-screen options to select whether the circuit being
designed should have certain features. Design editor 668 may
be used to enter a design (e.g., by entering lines of hardware
description language code), may be used to edit a design
obtained from a library (e.g., using a design and constraint
entry aid), or may assist a user in selecting and editing appro-
priate prepackaged code/designs.
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Design and constraint entry tools 664 may be used to allow
a logic designer to provide a desired logic design using any
suitable format. For example, design and constraint entry
tools 664 may include tools that allow the logic designer to
enter a logic design using truth tables. Truth tables can be
specified using text files or timing diagrams and may be
imported from a library. Truth table logic design and con-
straint entry may be used for a portion of a large circuit or for
an entire circuit.

As another example, design and constraint entry tools 664
may include a schematic capture tool. A schematic capture
tool may allow the logic designer to visually construct logic
circuits from constituent parts such as logic gates and groups
of'logic gates. Libraries of preexisting logic circuits may be
used to allow a desired portion of a design to be imported with
the schematic capture tools.

If desired, design and constraint entry tools 664 may allow
the logic designer to provide a logic design to the logic design
system 560 using a hardware description language such as
Verilog hardware description language (HDL) or Very High
Speed Integrated Circuit Hardware Description Language
(VHDL). The designer of the logic circuit can enter the logic
design by writing hardware description language code with
editor 668. Blocks of code may be imported from user-main-
tained or commercial libraries if desired.

After the design has been entered using design and con-
straint entry tools 664, behavioral simulation tools 672 may
be used to simulate the functional performance of the design.
If the functional performance of the design is incomplete or
incorrect, the logic designer can make changes to the design
using design and constraint entry tools 664. The functional
operation of the new design can be verified using behavioral
simulation tools 672 before synthesis operations have been
performed using tools 674. Simulation tools such as tools 672
may also be used at other stages in the design flow if desired
(e.g., after logic synthesis). The output of the behavioral
simulation tools 672 may be provided to the logic designer in
any suitable format (e.g., truth tables, timing diagrams, etc.).

Once the functional operation of the logic design has been
determined to be satisfactory, logic synthesis and optimiza-
tion tools 674 may be used to implement the logic designin a
particular programmable logic device (i.e., in the logic and
interconnect resources of a particular programmable logic
device product or product family).

Tools 674 attempt to optimize the design by making appro-
priate selections of hardware to implement different logic
functions in the logic design based on the logic design data
and constraint data entered by the logic designer using tools
664.

After logic synthesis and optimization using tools 674, the
logic design system may use tools such as placement and
routing tools 676 to perform physical design steps (layout
synthesis operations). Placement and routing tools 676 are
used to determine how to place the circuits for each logic
function within the programmable logic device. For example,
if two counters interact with each other, the placement and
routing tools 676 may locate these counters in adjacent logic
regions on the programmable logic device to reduce intercon-
nect delays or to satisfy timing requirements specifying the
maximum permitted interconnect delay. The placement and
routing tools 676 create orderly and efficient implementa-
tions of logic designs for a given programmable logic device.

Tools such as tools 674 and 676 may be part of a compiler
suite (e.g., part of a suite of compiler tools provided by a
programmable logic device vendor). In accordance with the
present invention, tools such as tools 674, 676, and 678 may
automatically take into account the effects of crosstalk
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between interconnects while implementing a desired circuit
design. Tools 674, 676, and 678 may also include timing
analysis tools. This allows tools 674 and 676 to satisfy per-
formance requirements (e.g., timing requirements) when
generating configuration data for programming integrated
circuits such as programmable integrated circuit 10.

After an implementation of the desired logic design in the
programmable logic device has been generated using place-
ment and routing tools 676, the implementation of the design
may be analyzed and tested using analysis tools 678. After
satisfactory optimization operations have been completed
using tools 620, tools 620 can produce the configuration data
for the programmable logic device.

Ilustrative operations involved in using tools 620 of FI1G. 4
to produce configuration data files are shown in FIG. 5. As
shown in FIG. 5, an initial netlist 80 is synthesized at step 82
to produce a post-synthesis netlist 84. At step 86, user input 88
and the post synthesis netlist 84 are processed during place
and route and optimization operations. During the operations
of step 86, the CAD tools 620 take account of the effects of
using different positive power supply voltages and/or body
bias voltages and, through appropriate selection of power
supply and body bias levels, circuit resource assignments, and
placement decisions, tools 620 reduce power consumption
while satisfying design constraints.

The resulting netlist 90 may be processed further by per-
forming a timing analysis using logic design system 560 (step
91). The timing analysis may be used to help ensure that the
final netlist 90 satisfies timing constraints before configuring
programmable integrated circuit 10. If desired, processing
may optionally loop back to step 86 via path 93 to perform
additional optimizations using the final netlist. For example,
logic design system 560 may identify routing paths in the final
netlist that fail timing constraints and determine replacement
routing paths by returning to step 86 via optional path 93.

At step 92, the final netlist may be processed further during
an assembly process to produce a configuration data file out-
put (e.g., a .pofor .soffile). The configuration data file output
may then be loaded onto programmable device 10.

FIG. 6 shows one suitable embodiment of the present
invention in which device 10 includes a logic data path such
as data path 100. As shown in FIG. 6, data path 100 may be
coupled between an input 102 and an output 104. The speed
at which data is conveyed from input 102 to output 104 and
the speed at which data is generated at output 104 may have to
be greater than predetermined threshold levels to satisfy per-
formance criteria. Terminals 102 and 104 may therefore
sometimes be referred to as a speed critical input and a speed
critical output, respectively, and data path 100 may be
referred to as a critical data path.

Multiple storage elements such as clocked storage ele-
ments 110 may be interposed in data path 100 between ter-
minals 102 and 104. In the example of FIG. 6, first clocked
storage element 110-0 (also indicated as register R0), second
clocked storage element 110-1 (also indicated as register R1),
third clocked storage element 110-2 (also indicated as register
R2), fourth clocked storage element 110-3 (also indicated as
register R3), and fifth clocked storage element 110-4 (also
indicated as register R4). Clocked storage elements 110 (e.g.,
registers R0-R4) may be sequential logic circuits generally
known as registers having an input A and an output B. In some
embodiments, elements 110 may be implemented using
edge-triggered register circuits sometimes referred to as flip-
flops (e.g., a positive edge-triggered flip-flop or a negative
edge-triggered flip-flop). In other embodiments, elements
110 may be implemented using level-sensitive latches such as
pulse latches. These examples are merely illustrative. If
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desired, elements 110 may be implemented using other types
of sequential or clock-controlled storage components.

Combinational logic (CL) such as combinational logic
delay element 106 may be coupled between each adjacent
pair of clocked (sequential) storage elements 110. Delay ele-
ments may include logic gates, interconnect paths, and/or
other programmable logic circuitry. In the example of FIG. 6,
first logic delay element 106 may be coupled in the data path
between the output of register R0 and the input of register R1,
second logic delay element 106 may be coupled in the data
path between the output of register R1 and the input of register
R2, third logic delay element 106 may be coupled in the data
path between the output of register R2 and the input of register
R3, and fourth logic delay element 106 may be coupled in the
data path between the output of register R3 and the input of
register R4. Each combinational logic delay element 106 may
have other inputs such as inputs 107 capable of receiving
other data signals over non-critical data paths. When deter-
mining the maximum operating frequency for device 10, only
the throughput of the speed-critical data path needs to be
analyzed (e.g., the critical data path includes the largest com-
binational delay between any two adjacent sequential cir-
cuits).

In accordance with an embodiment of the present inven-
tion, device 10 may be provided with dynamic voltage-fre-
quency scaling (DVFS) capabilities. In other words, data path
100 may be operated at various operating frequencies and at
different power supply voltage levels (e.g., the logic circuitry
on device 10 may be operated at different voltage-frequency
settings or “states”). Device 10 may be capable of dynami-
cally switching from one state to another without having to
reconfiguring the integrated circuit with a new set of configu-
ration data.

In particular, voltage scaling at fixed operating frequencies
can be performed by operating sequential elements 110 as
“bypassable” clocked storage elements. For example, each
register 110 may be placed in a normal mode or a bypass
mode. When register 110 is placed in normal mode, register
110 is switched into use and is capable of latching data at its
input and presenting corresponding latched data at its output.
When register 110 is placed in bypass (or transparent) mode,
register 110 is effectively switched out of use and any data
that is presented at its input is passed directly to its output. The
different voltage-frequency operating settings (assuming the
appropriate clocked storage elements have been enabled)
may be verified to satisfy design criteria by performing
desired timing analysis 91 with design tools 620.

FIG. 7 is a circuit diagram showing one suitable arrange-
ment of bypassable clocked storage element 110. As shown in
FIG. 7, clocked storage element 110 may include a register
114 and a multiplexing circuit 112 that are controlled by
associated dynamic voltage-frequency scaling (DVFS) con-
trol circuitry 120. Register 114 may be an edge-triggered
flip-flop or alevel-sensitive latch (e.g., a pulse latch). Register
114 may have a data input D that serves as input terminal A for
element 110, an output Q, and a clock input. Multiplexer 112
may have a first (0) input that is coupled to the data input of
register 114, a second (1) input that is coupled to output Q of
register 114, an output that serves as output terminal B for
element 110, and a control input.

Control circuitry 120 may be used to generate an adjustable
clock signal Clk to the clock input of register 114, a control
signal Ctr to the control input of multiplexer 112, and an
adjustable power supply voltage Vcc for powering circuitry in
data path 100. Control circuitry 120 may assert signal Ctr to
place clocked storage element 110 in normal mode (e.g., to
configure multiplexer 112 to route signals from its second
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input to its output) and may deassert signal Ctr to place
clocked storage element 110 in bypass mode (e.g., to config-
ure multiplexer 112 to route signals from its first input to its
output). Dynamic voltage-frequency scaling control circuitry
120 may also be used to adjust the frequency of signal Clk and
the voltage level of Vee when performing voltage-frequency
scaling operations.

FIG. 8 is a circuit diagram showing another suitable
arrangement of bypassable clocked storage element 110. As
shown in FIG. 8, clocked storage element 110 may include a
logic NAND gate 130, a multiplexer 122, and inverters 124,
126, and 128. Inverter 128 may have an input that serves as the
input terminal A of element 110 and an output. Multiplexer
122 may have a first (0) input, a second (1) input that is
coupled to the output of inverter 128, an output, and a control
input. Inverter 126 may have an input that is coupled to the
output of multiplexer 122 and an output that serves as the
output terminal B of element 110. Inverter 124 may have an
input that is coupled to the output of inverter 126 and an
output that is coupled to the first input of multiplexer 124.
Connected in this cross-coupled configuration, inverters 124
and 126 may serve as a latching circuit when multiplexer 122
is configured to route signals from its first input to its output.

Logic NAND gate may have first and second inputs that
receive clock pulse signal Cp and control signal Ctr, respec-
tively, from DVFS control circuitry 120 and may have an
output that is coupled to the control input of multiplexer 122.
Control circuitry 120 may be used to generate adjustable
clock pulse signal Cp (e.g., a clock signal with an adjustable
pulse width), control signal Ctr, and an adjustable power
supply voltage Vcc for powering circuitry in data path 100.
Control circuitry 120 may assert signal Ctr to place clocked
storage element 110 in normal mode (e.g., signal Cp may be
passed to multiplexer 122) and may deassert signal Ctr to
place clocked storage element 110 in bypass mode (e.g., by
forcing the control input of multiplexer 122 at a high voltage
level with gate 130). In other words, multiplexing circuit 122
may be configured to electrically connect inverters 124 and
126 in the cross-coupled configuration when element 110 is
placed in the normal mode and may be configured to break the
cross-coupled configuration when element 110 is placed in
the bypass mode. Dynamic voltage-frequency scaling control
circuitry 120 may also be used to adjust the frequency of
signal Clk and the voltage level of Vcc when performing
voltage-frequency scaling operations.

The arrangement of FIG. 7 features an edge-triggered reg-
ister-based implementation, whereas the arrangement of FIG.
8 features a level-sensitive latch-based implementation.
These examples are merely illustrative and do not serve to
limit the scope of the present invention. If desired, other
suitable ways of implement similar types of bypassable
clocked storage elements may be used.

FIGS. 9A, 9B, and 9C are diagrams that illustrate how data
path 100 can be controlled to provide voltage scaling at a
given operating frequency. As shown in FIG. 9A, a supply
voltage Vee of 1.2 V may be provided to logic delay elements
106 from control circuitry 120 via power supply line 140. In
the example of FIG. 9A, each logic delay element 106 exhib-
its a one nanosecond propagation delay when supplied with
Vece of 1.2 V. By disabling bypassable elements R1, R2, and
R3 (i.e., by placing elements R1-R3 in bypass mode), the total
propagation delay between input register R0 and output reg-
ister R4 is therefore approximately equal to four nanosec-
onds, with a two cycle latency from input to output. As a
result, the maximum clock frequency at which the non-by-
passed registers R0 and R4 may be operated is at 250 MHz
(one divided by 4 ns).
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In another suitable arrangement, control circuitry 120 may
scale voltage Vec down to 1.0V to reduce power consumption
(see, e.g., FIG. 9B). When Vcc is lowered, each logic delay
element 106 may exhibit a relative higher propagation delay
of two nanoseconds. By selectively disabling bypassable ele-
ments R1 and R3 while enabling elements R0, R2, and R4, the
maximum propagation delay between any two adjacent active
(or non-disabled/non-bypassed) sequential circuit 110 will
still be approximately equal to four nanoseconds, except with
athree cycle latency from input to output. Because the worst-
case register-to-register delay remains fixed at four nanosec-
onds, the maximum clock frequency at which the non-by-
passed (active) registers R0, R2, and R4 may be operated is
still equal to 250 MHz.

In another suitable arrangement, control circuitry 120 may
scale voltage Vec down to 0.8 V to further reduce power
consumption (see, e.g., F1G. 9C). When Vcc is lowered to 0.8
V, each logic delay element 106 may exhibit an even higher
propagation delay of four nanoseconds. By enabling all the
bypassable elements in data path 100, the maximum propa-
gation delay between any two adjacent active sequential cir-
cuits 110 will still be approximately equal to four nanosec-
onds, except with a five cycle latency from input to output.
Because the worst-case register-to-register delay remains
fixed at four nanoseconds, the maximum clock frequency at
which the active registers R0-R4 may be operated is still equal
to 250 MHz.

As shown in the examples of FIGS. 9A, 9B, and 9C, volt-
age scaling can be performed while the clock frequency is
maintained at 250 MHz by selectively enabling/disabling the
bypassable clocked storage elements 110 along the critical
data path. Voltage scaling at a fixed frequency can be per-
formed dynamically without having to reconfigure integrated
circuit 10 with a new set of configuration data (as an
example). Placing more registers 110 along the data path in
normal mode effectively provides additional pipeline stages
and can be used to enable lower voltage operation at the cost
of increased latency.

If desired, voltage Vce can be further reduced below 0.8 V.
Because all bypassable elements 110 have already by
enabled, lowering voltage Vcc below 0.8 V would, however,
require a reduction in operating frequency to be less than 250
MHz in order to satisfy data path timing requirements (e.g.,
the clock speed is limited by the maximum delay between any
two adjacent sequential circuits 110). For example, a reduc-
tion of Vec from 0.8 V to 0.6 V may warrant a performance
reduction from 250 MHz to 125 MHz.

In general, the bypassable register element that is coupled
to speed critical input 102 and the bypassable register element
that is coupled to speed critical output 104 need not be
bypassed. In practice, delay elements 106 will not always
exhibit the same delay and may not always scale uniformly
with adjustments in voltage Vce. As an example, interconnect
delays are less sensitive to voltage variation than logic gate
delays.

Bypassable clocked storage elements 110 may be enabled
in an asymmetrical fashion (see, e.g., FIG. 10). As shown in
FIG. 10, register R1 is enabled while registers R2 and R3 are
disabled. As a result, the delay between active registers R0
and R1 is only one nanosecond, whereas the delay between
active registers R1 and R4 is equal to three nanoseconds. The
maximum operating frequency is therefore limited by the
maximum of the two delays. In this example, since asym-
metrically enabling the bypassable register elements pro-
duced substantially uneven delays, a suboptimal configura-
tion results since the operating frequency can be simply
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improved by enabling additional unused registers in the data
path (i.e., elements R2 and R3).

In certain situations, however, it may be desirable to enable
clocked storage elements 110 in an asymmetrical fashion.
FIG. 11 illustrates a scenario in which the delays associated
with logic elements 106 are substantially mismatched. As
shown in FIG. 11, delay element 106 coupled between regis-
ter R3 and R4 may exhibit a delay of three nanoseconds,
whereas each element 106 coupled between registers R0 and
R3 only exhibit a one nanosecond delay. By bypassing reg-
isters R1 and R2, the delay between active registers R0 and
R3 is three nanoseconds, whereas the delay between active
registers R3 and R4 is also equal to three nanoseconds. In this
example, since asymmetrically enabling the bypassable reg-
ister elements produced substantially even delays and lower
latency relative to an arrangement in which registers R1 and
R2 areunnecessarily enabled, a more optimal configuration is
obtained than would otherwise have been possible if only
symmetrical register enabling schemes were provided.

The exemplary data path in which five bypassable clocked
storage elements are coupled between input 102 and output
104 is merely illustrative. If desired, more or less than five
bypassable clocked storage elements 110 may be interposed
in any given data path on device 10.

As shown in FIGS. 7 and 8, DVFS control circuitry 120
may be used to generate adjustable clock signals and/or clock
pulses. In one suitable arrangement, DVFS control circuitry
120 may include an adjustable phase-locked loop (PLL) cir-
cuit 150 for generating an adjustable clock signal Clk (see,
e.g., FIG. 12). As shown in FIG. 12, phase-locked loop 150
may include an input divider 152, a phase detector 154, a
charge pump 156, a loop filter 158, a voltage-controlled oscil-
lator (VCO) 160, an output divider 162, and a feedback
divider 164. Input divider may receive a reference clock sig-
nal RefClk having a frequency fref. Phase detector 154,
charge pump 156, loop filter 158, and VCO 160 may be
coupled in series between input divider 152 and output
divider 162. Feedback divider 164 may be coupled between
an output of VCO 160 and an input of phase detector 154.

Dividers 152, 162, and 164 may be adjustable divider cir-
cuits. For example, divider 152 may receive a control signal
CtrN generated using control circuitry 120 that tunes a divi-
sion factor N that is provided by divider 152. Divider 162 may
receive a control signal CtrC generated using control circuitry
120 that tunes a division factor C that is provided by divider
162. Similarly, divider 164 may receive a control signal CtrM
generated using control circuitry 120 that tunes a division
factor M that is provided by divider 164. Phase-locked loop
150 controlled in this way may output clock signal Clk having
an output frequency that is equal to the product of frefand M
divided by the product of N and C (fref*M/(N*C)).

FIG. 13 shows another suitable way of outputting an
adjustable clock signal. As shown in FIG. 13, a clock selec-
tion circuit 170 may be provided that receives a plurality of
clock signals with different respective frequencies. In par-
ticular, clock selection circuit 170 may include a multiplexer
172 having inputs that receive clock signals Clk0, Clk1, .. .,
and CIkN. Clock signals Clk0-CIkN may represent clock
signals with different frequencies that are generated using an
on-chip clock source (e.g., a PLL circuit) or that are received
from an off-chip clock source. Multiplexer 172 may be con-
trolled using signal ClkSel that is generated using control
circuitry 120 for selecting which one of signals Clk0-CIkN is
passed to the output of multiplexer 172 as signal Clk.

FIGS. 12 and 13 show merely two different ways of pro-
viding an adjustable clock signal. If desired, adjustable clock
pulses Cp can also be generated in a similar fashion. If
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desired, other ways of generating tunable periodic signals
over a continuous frequency range may be used.

Control circuitry 120 may also be used to generate adjust-
able power supply voltage Vcec. In one suitable arrangement,
DVFES control circuitry 120 may include a tunable power
supply circuit 180 for generating an adjustable power supply
voltage Vcee (see, e.g., FIG. 14). As shown in FIG. 14, power
supply circuit 180 may include a voltage regulator 182, an
operational amplifier 184, and a transistor 186. Voltage regu-
lator 182 may receive an input voltage Vin from an off-chip
power source and may be used to provide a regulated refer-
ence voltage Vref. Reference voltage Vref may have a voltage
level that is controlled using control signal CtrV that is gen-
erated using control circuitry 120 (as an example). Control
signal CtrV may be a digital control signal or an analog
control signal.

Operational amplifier 184 may have a first (positive) input
that receives Vref from regulator 182, a second (negative)
input on which power supply voltage Vec is provided, and an
output. The transistor may have a first source-drain terminal
that receives input voltage Vin, a second source-drain termi-
nal that is coupled to the second input of amplifier 184, and a
gate terminal that is coupled to the output of amplifier 184.
Supply voltage Vce may be adjusted by varying the voltage
level of Vref (e.g., the voltage level of Vee may be set equal to
the voltage level of Vref).

FIG. 14 shows one suitable way of providing different
power supply voltage signals to the different combination
logic circuits 106. As shown in FIG. 14, a voltage selection
circuit 181 may be provided that receives a plurality of power
supply voltage signals with different magnitudes. In particu-
lar, voltage selection circuit 181 may include multiple multi-
plexing circuits 190 each of which has a first input that
receives first power supply voltage Vcc0 from first power
supply line 192, a second input that receives second power
supply voltage Veel from second power supply line 194, a
control input that receives control signal VeceSel generated
using control circuitry 120, and an output that is fed to the
power supply terminal associated with the corresponding
combination logic circuits 106. Power supply voltages Vcc0
and Veel may have different magnitudes and may be gener-
ated using different power supply circuits 180 or may be
received from off-chip power sources. Control circuitry 120
may set VceSel low to route Veel to each of the delay ele-
ments 106 or may set VceSel high to route Vecl to each of the
delay elements 106. The configuration of FIG. 15 is merely
illustrative. If desired, voltage selection circuit 181 may be
configured to select among more than two different power
supply voltage levels to offer a wider voltage scaling range. If
desired, controller 120 may also produce multiple unique
VeceSel signals so that different combinational logic blocks
receive different voltages depending on their performance
requirements.

FIGS. 14 and 15 show merely two different ways of gen-
erating/providing multiple supply voltage levels on device
10. If desired, other ways of generating tunable voltage sig-
nals over a continuous voltage range may be used.

It may be desirable for different data paths on device 10 to
exhibit matched or “balanced” latencies. FIG. 16 illustrates a
scenario in which a first data path 200 and a second data path
202 each include a chain of three bypassable clocked com-
ponents 110. In particular, first data path 200 includes bypass-
able clocked components R0, R1, and R2 coupled between
data path input In0 and data path output Out0, where first
logic circuit 106-1 that is interposed between R0 and R1 and
second logic circuit 106-1 that is interposed between R1 and
R2receive aVec 0f 0.8V and each exhibit a propagation delay
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of 4 ns. On the other hand, second data path 202 includes
bypassable clocked components R0, R1, and R2 coupled
between data path input In1 and data path output Outl, where
first logic circuit 106-2 that is interposed between R0 and R1
in the second data path and second logic circuit 106-2 that is
interposed between R1 and R2 in the second data path also
receive a Vee of 0.8 V but each exhibit a propagation delay of
only 2 ns.

Inthis scenario, register R1 in the first data path 200 may be
switched into use in order to maintain a satisfactory clocking
frequency at this low voltage operation. Even though it may
not be necessary to enable register R1 in the second data path
202 (e.g., since the delay of elements 106-2 is substantially
less than that of elements 106-1), register R1 in the second
data path may still be switched into use so that the latency of
both data paths 200 and 202 are balanced. Balancing latencies
in this way ensures that relative latency requirements for
different data paths on device 10 are satisfied.

Thus far, the data paths of the type described in connection
with FIGS. 6,9A, 9B, 9C, 10, and 11 in which data only flows
in the direction from the input to the output are sometimes
referred to as feed-forward data paths. The use of enabling
and disabling bypassable clocked storage elements is well-
suited for highly pipelined, latency-insensitive designs that
are composed primarily of feed-forward data paths.

Care has to taken for circuits with feedback paths or
“loops” when considering the use of bypassable clocked stor-
age components. FIG. 17 is a diagram showing an exemplary
circuit 210 having a loop. Circuit 210 may include an adder
circuit 212 and a flip-flop 214. Adder circuit 212 may have a
first input that receives a signal from input X, a second input,
and an output. Flip-flop 214 may have a data input that is
coupled to the output of adder 212 and a data output that is
coupled to the second input of adder 212. Connected in this
arrangement, circuit 210 may serve as an accumulator circuit.
One way of incorporating bypassable clocked storage ele-
ments with such types of loop circuits, assuming the design
can tolerate increased latencies (and longer startup delay) but
not functional changes, is to insert at least one bypassable
clocked storage component 110 to the feed-forward output
path (e.g., by inserting register 110 between the output of
flip-flop 214 and feed-forward output Y.

Alternatively, it may be desirable to minimize the use of
loops during synthesis operations (see, FIG. 4 and FIG. 5).
Logic design tools 620 may be configured to treat feedback
circuits as being more timing critical. As a result, scarce fast
resource blocks may be made available only to circuits with
loops. Circuits with loops may also be given delay-optimal
placement during place and route operations (even if this
means an increased total circuit area). Other ways of meeting
timing requirements at reduced voltage levels for feedback
circuits may include selectively forward body-biasing cells in
loops to reduce delay and supplying a fixed nominal (non-
reduced) voltage level to such types of circuits.

Another way of handling circuits with loops is to operate
feedback circuits in a multithreading scheme. A multithread-
ing architecture involves processing data from different
thresholds in alternating cycles without any data dependen-
cies or communications among the different threads.

FIG. 18 is a diagram of a data path 220 that includes an
accumulator loop 226 operating in single thread mode with a
minimum latency of one clock cycle. As shown in FIG. 18,
accumulator loop 226 may include an adder circuit 228, a
flip-flop 230, and a bypassable clocked storage element 110
connected in a loop. In particular, bypassable clocked storage
element 110 may be connected before feedback loop 234
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without altering the functionality of circuit 226 when data
path 220 is operating in multithread mode.

Since data path 220 is operating in single thread mode,
element 110 may be bypassed (as indicated by shaded register
element 110). An input multiplexer 222 that is coupled to the
input of loop 226 may be configured to route only signals
from first thread input T0_in through loop 226 to correspond-
ing first thread output T0_out via output multiplexer 224 (e.g.,
both multiplexers 222 and 224 may receive a low control
signal throughout the entirety of single thread operation).

FIG. 19 is a diagram showing data path 220 operating in
dual thread mode. In the dual thread mode, bypassable
clocked storage element 110 may be enabled and operating
voltage can be reduced. In other words, lower voltage opera-
tion can be achieved by increasing the number of active
threads (e.g., by enabling extra bypassable register compo-
nents 110 in the loops). As in previous scenarios, enabling
clocked storage elements 110 will not affect throughput (as-
suming frequency is unchanged) but latency will be increases
since each thread is only processed once every couple of
cycles.

Input multiplexer 222 may continuously toggle between
routing input signals from first thread input T0_in and routing
input signals from second thread input T1_in to its output.
Similarly, multiplexer 224 may continuously toggle between
outputting signals to first thread output T0_out and outputting
signals to second thread output T1_out. In other words, both
multiplexers 222 and 224 may receive an alternating
“0101 . . . ” control bit pattern throughout the entirely of the
dual thread operation to process data from each of the first and
second threads.

FIG. 20 shows a general multithreading configuration that
involves alternating among four different threads. In general,
multithreading can be applied to any sequential circuit that
includes internal states and/or feedback loops. In the example
of FIG. 20, quad-thread operation would require at least four
bypassable register components in the feedback path. If
desired, any suitable number of bypassable clocked storage
components can be included in the feedback path to help
reduce voltage, increase frequency of operation, or otherwise
optimize the performance/power savings of device 10.

FIG. 21 is a flow chart of illustrative steps for performing
dynamic voltage-frequency scaling on device 10. At step 250,
control circuitry 120 may select a frequency of operation by
adjusting a clock generator to output a corresponding clock
signal with the selected frequency to the sequential logic
circuits on device 10.

At step 252, control circuitry 120 may be used to adjust
supply voltage Ve to optimize for performance savings (e.g.,
the power supply voltage may be adjusted to desired voltage
levels).

At step 254, the bypassable clocked storage elements 110
in the different data paths on device 10 may be selectively
enabled to increase throughput while ensuring that latency
requirements are satisfied. Processing may loop back to step
250 to dynamically adjust the operating frequency, as indi-
cated by path 256. Processing may also loop back to step 252
to dynamically adjust the power supply voltage, as indicated
by path 258. If desired, at least some bypassable registers 110
may be enabled and/or disabled to help ensure that signals
traveling along the different data paths have matched laten-
cies and satisfy performance criteria (as indicated by loop
260).

The foregoing is merely illustrative of the principles of this
invention and various modifications can be made by those
skilled in the art without departing from the scope and spirit of
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the invention. The foregoing embodiments may be imple-
mented individually or in any combination.
What is claimed is:
1. A method of operating an integrated circuit in at least
first and second states, wherein the integrated circuit includes
logic circuitry interposed in a data path, the method compris-
ing:
when the integrated circuit is operated in the first state,
powering a combinational logic circuit using a first
power supply voltage having a first voltage level while
operating the logic circuitry at a given frequency,
wherein the combinational logic circuit is coupled in
series with a bypassable clocked storage element; and

when the integrated circuit is operated in the second state,
powering the combinational logic circuit using a second
power supply voltage having a second voltage level that
is different than the first voltage level while operating the
logic circuitry at the given frequency, and bypassing the
bypassable clocked storage element.

2. The method defined in claim 1, wherein the logic cir-
cuitry includes a plurality of bypassable clocked storage ele-
ments interposed in the data path, the method further com-
prising:

switching into use a first subset of the plurality of bypass-

able clocked storage elements when the integrated cir-
cuit is operated in the first state; and

switching into use a second subset of the plurality of

bypassable clocked storage elements that is different
than the first subset when the integrated circuit is oper-
ated in the second state.

3. The method defined in claim 1, wherein the logic cir-
cuitry further includes a plurality of bypassable clocked stor-
age elements and a plurality of combinational logic delay
elements interposed in the data path, the method further com-
prising:

enabling a first number of bypassable clocked storage ele-

ments while the integrated circuit is operated in the first
state; and

enabling a second number of bypassable clocked storage

elements while the integrated circuit is operated in the
second state, wherein the second number is greater than
the first number, and wherein the second voltage level is
less than the first voltage level.

4. The method defined in claim 1, wherein the integrated
circuit further includes additional logic circuitry interposed in
an additional data path, and wherein the logic circuitry and
the additional logic circuitry each include a respective plural-
ity of bypassable register circuits and combinational logic
delay elements, the method further comprising:

enabling a portion of the bypassable register circuits in the

data path so that the data path exhibits a given data path
latency; and

enabling a portion of the bypassable register circuits in the

additional data path so that the additional data path
exhibits the given data path latency, wherein the combi-
national logic delay elements associated with the data
path exhibits delays that are different than delays of the
combinational logic delay elements associated with the
additional data path.

5. The method defined in claim 1, wherein the logic cir-
cuitry includes sequential logic circuits and combinational
logic circuits interposed in the data path, the method further
comprising:

providing a selected one of the first and second power

supply voltages to the combinational logic circuits; and
providing a clock signal at the given frequency to the
sequential logic circuits.
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6. The method defined in claim 1, further comprising:

while powering the combinational logic circuit with the
first power supply voltage, operating the logic circuitry
at another frequency that is different than the given
frequency.

7. The method defined in claim 1, further comprising:

dynamically switching between the first and second states
without reconfiguring the integrated circuit with a new
set of configuration data.

8. An integrated circuit, comprising:

a data path input;

a data path output;

a plurality of bypassable clocked storage elements inter-
posed in the data path input and the data path output; and

acombinational logic delay element operated at a plurality
of'voltage levels, wherein the combinational logic delay
element is coupled between a given pair of bypassable
clocked storage elements in the plurality of bypassable
clocked storage elements.

9. The integrated circuit defined in claim 8, further com-

prising:

a plurality of combinational logic delay elements each of
which is coupled between at least one respective pair of
adjacent bypassable clocked storage elements in the plu-
rality of bypassable clocked storage elements.

10. The integrated circuit defined in claim 9, further com-

prising:

control circuitry that provides an adjustable power supply
voltage to the plurality of combinational logic delay
elements.

11. The integrated circuit defined in claim 9, further com-

prising:

control circuitry that provides an adjustable clock signal to
the plurality of bypassable clocked storage elements.

12. The integrated circuit defined in claim 9, wherein at
least one bypassable clocked storage element in the plurality
of bypassable clocked storage elements comprises:

an edge-triggered flip-flop circuit having an input and an
output; and

a multiplexing circuit having a first input that is coupled to
the input of the edge-triggered flip-flop circuit, a second
input that is coupled to the output of the edge-triggered
flip-flop circuit, and an output, wherein the multiplexing
circuit is configured to route signals from its first input to
its output when the at least one bypassable clocked stor-
age element is placed in bypass mode, and wherein the
multiplexing circuit is configured to route signals from
its second input to its output when the at least one
bypassable clocked storage element is placed in normal
mode.

13. The integrated circuit defined in claim 9, wherein at
least one bypassable clocked storage element in the plurality
of bypassable clocked storage elements comprises:

first and second inverters connected in a cross-coupled
configuration; and

a multiplexing circuit interposed in the pair of cross-
coupled inverters, wherein the multiplexing circuit is
configured to electrically connect the first and second
inverters in the cross-coupled configuration when the at
least one bypassable clocked storage element is placed
in normal mode, and wherein the multiplexing circuit is
configured to break the cross-coupled configuration
when the at least one bypassable clocked storage ele-
ment is placed in bypass mode.
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14. The integrated circuit defined in claim 9, further com-
prising:
control circuitry that provides an adjustable power supply
voltage to the plurality of combinational logic delay
5 elements and that provides an adjustable clock signal to
the plurality of bypassable clocked storage elements,
wherein the control circuitry is adapted to perform
dynamic voltage scaling at fixed operating frequencies.
15. A method of operating an integrated circuit, wherein
the integrated circuit includes logic circuitry having a feed-
back loop interposed in a data path, the method comprising:
during a first multithreading mode, processing data from a
first number of input threads through the logic circuitry
having the feedback loop while the logic circuitry is

15 ; .
supplied with a first power supply voltage; and
during a second multithreading mode, processing data
from a second number of input threads that is different
from the first number of input threads through the logic
2 circuitry having the feedback loop while the logic cir-

cuitry is supplied with a second power supply voltage
that is different than the first power supply voltage.
16. The method defined in claim 15, wherein the second
number of input threads is greater than the first number of
input threads, and wherein the second power supply voltage is
less than the first power supply voltage.
17. The method defined in claim 16, wherein the logic
circuitry further includes a plurality of bypassable clocked
storage elements interposed in the data path, further compris-
ing:
enabling a first number of bypassable clocked storage ele-
ments in the plurality of bypassable clocked storage
elements during the first multithreading mode; and

enabling a second number of bypassable clocked storage
elements in the plurality of bypassable clocked storage
elements during the second multithreading mode,
wherein the second number of bypassable clocked stor-
age elements is greater than the first number of bypass-
able clocked storage elements.

18. The method defined in claim 16, further comprising:

operating the logic circuitry ata given frequency during the

first multithreading mode; and

operating the logic circuitry at the given frequency during

the second multithreading mode.

19. The method defined in claim 15, wherein the logic
circuitry further includes a plurality of bypassable clocked
storage elements interposed in the data path, further compris-
ing:

enabling a first subset of the plurality of bypassable

clocked storage elements during the first multithreading
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>0 mode; and
enabling a second subset of the plurality of bypassable
clocked storage elements that is diftferent than the first
subset during the second multithreading mode.
55 20 The method defined in claim 15, wherein the integrated

circuit further includes multiplexing circuits interposed in the
data path, the method further comprising:
with the multiplexing circuits, routing data from the first
number of input threads to the logic circuitry during the
first multithreading mode and routing data from the sec-
ond number of input threads to the logic circuitry during
the second multithreading mode, wherein there are no
data dependencies among the different input threads.
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